Uniform dispersion of fine particles of poor wettability in molten steel is of essential importance for enhancing the efficiency of the steel refining processes. Although model investigations on the dispersion of fine particles of good wettability have extensively been carried out, those for fine particles of poor wettability are rather limited. In this study the behaviors of three kinds of solid spheres penetrating into a water bath were observed with a high-speed video camera. The wettability was changed by coating hydrophilic or hydrophobic material. The well-known crown was formed behind a solid sphere of good wettability, while an air cavity was formed behind a solid sphere of poor wettability. Empirical equations were derived for some parameters describing the shape and size of the cavity.
Introduction
In order to enhance the efficiency of desulfurization in the steel refining processes, it is necessary to effectively introduce fine particles such as CaO into a molten steel bath and then disperse them in the whole bath. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] The particles are usually poorly wetted by molten steel in the real processes. According to previous papers of the authors, 14, 15) bubbles attach preferably to a solid body of poor wettability. This fact suggests that the penetrating behavior of a solid body of poor wettability is significantly different from that of a solid body of good wettability. The wettability of the particles therefore would play an essential role on the dispersion characteristics. 12, 13) In previous experimental studies, however, attention was mainly paid to fine particles of good wettability 4, 9, 13) except some studies listed below. Ozawa et al. 5) observed the motion of a poorly wetted single sphere falling onto the free surface of a mercury bath and reported the existence of an air cavity behind the sphere. They also pointed out that the surface tension force plays an essential role on the penetrating behavior of the sphere. The detailed information on the air cavity however was not given. On the basis of water model experiments, Ogawa and Matsumoto 12) and Oda et al. 13) have recently found that the penetration of poorly wetted fine particles into a water bath is not easy as long as the particles are conveyed and introduced into the bath with a carrier gas. Oda et al. have proposed a unique method of changing the wettability of fine particles in order to promote the penetration of the particles into a molten metal bath.
A gas layer is initially formed around a poorly wetted sphere when the sphere enters into a bath and it interferes the direct contact of the sphere with the liquid. As time elapses, an air cavity is formed behind the sphere. This situation causes high hydrodynamic drag for the sphere to penetrate into the liquid. It is therefore important to understand the behavior of the gas which is in contact with a poorly wetted solid sphere in analyzing the motion of the sphere. The main objective of this study therefore is to investigate the behavior of a poorly wetted single solid sphere penetrating into a water bath and the behavior of the air cavity formed behind the sphere. When a sphere is too small, precise observation of the size and shape of the air cavity is difficult. Accordingly, spheres of an order of magnitude of 10 mm in diameter were used as a first step of this research series. Empirical equations were proposed for some parameters characterizing the shape and size of the air cavity.
Experimental Apparatus and Procedure
A solid sphere was dropped onto the surface of a water bath contained in a vessel of a square cross-section, as shown in Fig. 1 C was filled to a depth of 150 mm. The behavior of the solid sphere penetrating into the water bath and that of the air accompanied by it were observed with a high-speed video camera at 500 frames per second. The images of the solid body and an air cavity in the bath were recorded on a personal computer and later processed to determine the falling velocity, the deformation of the bath surface, and so on. Three kinds of spheres of different densities were used, being made of fluororesin (commercial name: Teflon), polyamide, and polyacetal, respectively. The density, contact angle, and diameter of the sphere are listed in Table 1 . These spheres are wetted by water because their contact angles are less than 90
, and accordingly, coated with hydrophilic material to change their original contact angles to a constant value of 60
. The contact angles of the spheres coated with the repellent became 110
. The initial height of a sphere, h, was varied from 100 mm to 400 mm. The initial velocity of the sphere was zero and the velocity just before contact with the bath surface ranged from 1400 mm/s to 2800 mm/s. The rotation of the sphere was absent.
Experimental Results and Discussion
3.1 Deformation of the surface of water bath 3.1.1 Sphere of good wettability Figure 2 shows the behaviors of three kinds of spheres penetrating into the water bath. The diameter of the sphere was 15.88 mm. The surface of each sphere was coated neither by hydrophilic materials nor by repellent. The contact angles of the original spheres made of fluororesin, polyamide and polyacetal were 88 , 58 and 60 respectively. These spheres therefore are wetted by water. The deformations of the surface of the water bath were nearly the same regardless of the contact angle and the density of the sphere. The wellknown crown was formed behind the sphere just after the sphere passed through the surface 16) and subsequently the crown turned into a projection. Figure 3 shows that the shape and size of the projection formed above the initial free surface are dependent on the diameter of a sphere. There was no difference between the behaviors of the crown and projection behind the original sphere and that behind the sphere coated with hydrophilic material, as shown in Fig. 4 . Consequently, the shape and size of the projection are hardly influenced by the contact angle as long as the sphere is wetted by water.
The upper part of Fig. 5 shows the images of the projection formed behind a sphere of good wettability. These images are not clear because they were taken by a high-speed video camera and then enlarged. The schematic diagrams of them therefore are shown in the lower part of Fig. 5 . In type A there was no projection. The shape of the projection can be classified into three types (B, C, and D). The shape shifts from type A to type D as the diameter of the sphere, d p , increases. Namely, the shape of the projection becomes complex with an increase in d p . The shape and size of the projection is closely associated with the formation of water droplets.
Sphere of poor wettability
When a single sphere of poor wettability passed through the surface of the water bath, air was pulled into the water bath by the sphere to form a cone-shaped column, as shown in Fig. 6 . The column was separated into two parts when the sphere reached a certain critical position below the initial bath surface. The upper part came back to the bath surface and induced a crown. The lower part moved downward attaching to the rear part of the sphere until the sphere arrived at another critical distance from the bath surface, as schematically shown in Fig. 7 . As discussed previously, 14, 15) the volume of the air that can attach to a poorly wetted sphere is determined from the contact angle, and the diameter of the sphere, d p . The additional air detached from the sphere and finally came back to the bath surface although this final Fig. 2 Deformation of bath surface with respect to time for three kinds of spheres (h ¼ 100 mm).
An Air Cavity Formed Behind a Poorly Wetted Sphere Penetrating into a Water Bathprocess was not drawn in Fig. 7 . Quantities characterizing the air cavity just before breakup into two parts are illustrated in Fig. 7 . For example, the depth of the air cavity is defined as the maximum cavity depth. In obtaining the surface area, S a , and the volume, V a , of the air attaching to the sphere, the shape of the air was assumed as shown in the lower part of Fig. 7 . The volume of the air, V a , was regarded as the volume of the truncated cone located above the sphere. The surface of the air, S a , was regarded as the surface area of the truncated cone above the broken line. This line denotes the line at which the sphere and truncated cone are in contact with each other. The quantities, S a and V a , affect the motion of a sphere of poor wettability. Empirical equations for these quantities will be derived in the following. Figures 8(a) and (b) demonstrate that the maximum cavity depth, H m , is proportional to d p 1=2 and v p . Also, H m is dependent on the density of the sphere, p . Considering these results and using the Backingham Å theorem, the following empirical equation was derived for H m (see Fig. 8(c) ).
Maximum cavity depth, H m
H m =d p ¼ 0:595Fr
where Fr Ã is a modified Froude number, g is the acceleration due to gravity, v p is the falling velocity, L is the density of liquid, and d p is the diameter of the sphere.
Equation (1) reduces to 3.3 Time required for a sphere to reach the maximum cavity depth, t m Figure 9 (a) shows that the time scale, t m , is proportional to the root of the diameter of the sphere, d p 1=2 . As shown in Fig.  9(b) , t m is independent of the initial height of the sphere, h, and, hence, the falling velocity, v p ð¼ ð2ghÞ 1=2 Þ. The density of the sphere, p , had no effect on t m . The Backingham Å theorem yields the following relationship.
where Fr is the Froude number. Equation (5) 
This equation states that t m is dependent only on the sphere diameter, d p . Figure 10 (a) shows that the bottom diameter, D c , is not dependent on the density of the sphere, p , but nearly proportional to the diameter of the sphere, d p . The bottom diameter, D c , increases slightly with the falling velocity, v p , as shown in Fig. 10(b) . The following empirical equation was proposed for D c , as seen in Fig. 10(c) .
Bottom diameter of air cavity, D c
Equation (7) is rewritten by The first and second terms on the right hand side of eq. (8) are much smaller than the third term under the present experimental conditions. As the falling velocity, v p , approaches zero, the bottom diameter, D c , approaches approximately 2d p .
Surface area of air cavity, S c
The surface area of an air cavity, S c , is slightly dependent on the density of the sphere, p , increases with d p , and increases slightly with the initial height, h, as shown in Fig.  11 . On the basis of these data, the following empirical equation was derived for S c .
The surface area, S c , is predictable because empirical equations for D c and H m are given by eqs. (3) and (8), respectively. For v p ! 0, S c is expressed by
3.6 Volume of air cavity, V c Figures 12(a) and (b) show that V c is nearly proportional to d p 5=2 and increases monotonically with the initial height, h. The measured values of V c were approximated by the following equation (see Fig. 12(c) ).
For v p ! 0, V c is expressed by
3.7 Surface area of air attaching to a falling sphere, S a Figure 13 shows the measured values of the surface area, S a , of air attaching to a solid body of poor wettability. The measured values were correlated by introducing another type of Froude number, Fr ÃÃ .
The surface area, S a , ranged from approximately 30 to 200% of the surface area of the sphere, d p 2 . The scattering of the An Air Cavity Formed Behind a Poorly Wetted Sphere Penetrating into a Water Bathdata around eq. (13) is relatively large because precise evaluation of S a is rather difficult.
3.8 Volume of air attaching to a falling sphere, V a Figure 14 shows the measured values of the volume, V a , of the air attaching to a solid body of poor wettability. The measured values can be approximated by the following empirical equation.
The volume of air, V a , ranged from approximately 20 to 200% of the volume of the sphere, d p 3 =6. The scattering of the data around eq. (15) was nearly the same as that for S a . Further experiments based on various combinations of the physical properties of a sphere and a liquid should be required for a full understanding of the behavior of air cavity.
Applicability of the present results to molten steel
As a first step, water model experiments were carried out in this study on the effect of the wettability of a sphere on its penetrating behavior into a water bath. The quantities characterizing the deformation of the bath surface and air attaching to the sphere were correlated in terms of modified Froude numbers. The Weber number was not introduced because only water was used as the working fluid and accordingly the surface tension was kept constant. The surface tension of molten steel is approximately 20 times as large as that of water and hence the Weber number must be considered in addition to the modified Froude numbers. The present result therefore is not directly applicable to a molten steel bath. Further experiments are required for a better understanding of the wettability effect. Attachment of gas to a solid body of wettability however would also take place when the body penetrates into a molten steel bath.
Conclusions
The behavior of a sphere penetrating into a water bath and the resultant deformation of the bath surface were investigated with a high-speed video camera at 500 frames/s. The well-known crown and projection were formed behind a sphere of good wettability. On the other hand, an air cavity was formed behind a sphere of poor wettability. Empirical equations were proposed for some parameters characterizing the shape and size of the cavity. The contact angle, however, was fixed to be 110 in the poorly wetted regime. Further experiments should be carried out for different contact angles to clarify the effects of the wettability of the sphere on the shape and size of the air cavity. 
